ABSTRACT
detection of animals from non-invasive samples, such as predator faeces (scats) that contain 21 traces of DNA from their species of origin, has proved to be a valuable tool for management 22 of elusive wildlife. However, application of this approach can be limited by the availability of 23 appropriate genetic markers. Scat DNA is often degraded, meaning that longer DNA 24 sequences, including standard DNA barcoding markers, are difficult to recover. Instead, 25 targeted short diagnostic markers are required to serve as diagnostic mini-barcodes. The 26 mitochondrial genome is a useful source of such trace DNA markers, because it provides 27 good resolution at species level and occurs in high copy numbers per cell. 28 Results: We developed a mini-barcode, based on a short (178 bp) fragment of the conserved 29 12S rRNA mitochondrial gene sequence, with the goal of discriminating amongst the scats of 30 large mammalian predators of Australia. We tested the sensitivity and specificity of our 31 primers and can accurately detect and discriminate amongst quolls, cats, dogs, foxes and 32 devils from trace DNA samples.
33
Conclusions: Our approach provides a cost effective, time efficient and non-invasive tool 34 that enables identification of all eight medium-large mammal predators in Australia, 35 including native and introduced species, using a single test. With modification, this approach 36 is likely to be of broad applicability elsewhere. The looming biodiversity crisis, referred to by some as the Sixth Mass Extinction [1] , 41 has made the conservation of wildlife a rapidly growing concern. There is an urgent need to 3 document the distribution of biodiversity as the foundation for identifying effective solutions 43 to wildlife management issues. The rapid and reliable identification of species at local and 44 regional scales provides the first step towards determining the distribution of biodiversity in 45 the landscape and changes that might be occurring in that distribution. 46 Advances in genetics and genomics have revolutionized many areas of biology. In 47 particular, the identification of species from trace and environmental samples (e.g. water, barcoding for the identification of species from such environmental DNA (eDNA) samples is 52 useful, particularly when the target species is rare, or elusive, where it is difficult to trap or 53 observe without direct interference with live animals, or where morphological identification 54 is problematic [6] , [7] , [8] , [9] , [10] . It also makes possible the identification of diet from 55 scats where morphological determinations are likely to be unsuitable for many elements of 56 the diet [11] , [12] , [13] , [14] , [15] . Consequently, eDNA analysis from environmental samples 57 collected across a broad spatial and temporal distribution has great potential for enhancing 58 biodiversity management, but is yet to be widely implemented [16] , [17] . 59 The DNA associated with environmental samples tends to be of low quantity or 60 quality and can be degraded. To ensure that markers for eDNA detection are specific and 61 sensitive, target sequences, also known as mini-barcodes, should be short (i.e. 100-200 base 62 pairs (bp); [18] , [19] , [20] , [2] ) and yet have high discriminatory power [21] , [22] , [23] , [24] . 63 Marker selection therefore needs to account for the range of species likely to be 64 encountered, as well as discriminating among potential sister taxa. Mitochondrial DNA genes 4 (mtDNA) are usually targeted because they occur in multiple copies in each cell and are 66 therefore more common in trace samples than nuclear sequences, because they can give 67 good resolution of identification at species level, and because their genome is circular, which 68 helps preserving the DNA in some instances. In regions where little is known of the genetic 69 characteristics of the faunal assemblage, identifying the most appropriate DNA sequences to 70 target the fauna present to achieve acceptable levels of accuracy is a challenging exercise 71 and requires a reference database that is sufficiently comprehensive to ensure accurate 72 species assignment [25] . In short, we need DNA barcoding markers that are appropriate to 73 the question being addressed, the ecosystem considered and the taxonomic group studied. Legend: Summary of results of genetic distance-based evaluations of the AusPreda_12S mini-barcode 184 conducted using the R package SPIDER to analyse the "FULL" and "UNIQUE" reference sequences 185
databases. The specified genetic distance thresholds were used for the bestCloseMatch and threshID 186 analyses 187 188
BestCloseMatch and ThreshID analyses, which both assume that sequences from a 189 single species fall within a specified genetic distance threshold, correctly identified 147 and (Table 1; 203 details of results: Additional file 7). As noted previously, these sequences would have been 204 correctly identified if a genetic distance threshold of 5% was used. 205   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 of the primers across the mammalian taxa. 210 We also successfully amplified our mini-barcode from a wide range of input template 211 DNA concentrations. We set up serial dilutions of DNA from six predator species.
212
Amplification was successful for all three qPCR replicates from all six species for all dilutions 213 from 9 ng / µl to 9 pg / µl inclusive, demonstrating that the primers can amplify from low 214 quantity DNA. Amplification success was less consistent at the highest and lowest DNA 215 concentrations, estimated at 90 ng / µl, 0.9 pg /µl and 0.09 pg / µl (Table 2) 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 *where the qPCR traces were of an irregular shape (three replicates), the replicate was excluded 233 when calculating mean CT. 234
Evaluation of amplification success from trace samples using known-origin scats 235 We tested the ability of the AusPreda_12S primers to correctly identify the known 236 predator by analysing scats from captive animals. 57 scats were tested and amplified 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 identify multiple species from a single DNA test, using a straightforward PCR and Sanger 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 for each predator of interest. We provide a non-invasive instrument with potential utility for 280 scientists or managers working with endangered or invasive Australian predators, but a 281 similar approach could be used to target predator assemblages in other regions.
282
The bioinformatic evaluation of our mini-barcode shows that this marker can reliably 
Considerations when working with scats

300
One important consideration for future studies using the AusPreda_12S primers is 301 the need to understand the ecological role of the species from which eDNA is detected. 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 across all taxa but which flanked a region of 100-200 bp that displayed high levels of inter-345 specific variation. We were not able to identify any candidate mini-barcode markers that 346 met these criteria from the 16S rRNA and ND2 genes, so all subsequent work was focused on 347 the 12S rRNA gene. 348   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Development of a reference database for the 12S rRNA gene 349 We constructed a reference database for the 12S rRNA gene. This included 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Hyperladder 50 bp (Bioline, Australia) was included to serve as a size reference. Amplicons 373 were cleaned using Diffinity rapid tips (Scientific Specialties, Inc., California, USA) and 
Development of primers for the mini-barcode
382
We conducted a sliding window analysis of our 12S rRNA reference database, using (Table 4) . These amplify a product of 218 bp in length (178 bp excluding primers).
389
Bioinformatic evaluation of the mini-barcode 390   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 We used additional functions of the R package SPIDER to estimate the risks of species 391 mis-identification when using our AusPreda_12S primers on samples of unknown origin.
392
These analyses were conducted using two versions of our 12S reference database, trimmed 414   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Evaluation of the amplification success and sensitivity of the AusPreda_12S primers 415 We screened a panel of DNA samples from 45 specimens representing 40 species 416 (Additional file 8) to evaluate amplification success of the AusPreda_12S primers. DNA was 417 extracted from tissue samples as described above, and amplified with the AusPreda_12S 418 primers using the same cycling conditions as for the 12C and 12gg primers above, with PCR 419 products visualised on a 1.7% TBE agarose gel to determine amplification success (Figure 1 ).
420
To test the sensitivity of our primers to detect low template DNA samples, we set up sample we calculated the mean CT value and the standard deviation across PCR replicates2.
436
Evaluation of amplification success from trace samples using known-origin scats 437   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 We used previously-extracted DNA from 57 scats of known-origin collected in 2010- products by gel electrophoresis as described above.
444
All amplified products were sequenced in both directions using the AusPreda_12S The datasets and R code associated with this article are provided as supporting information.
453
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